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SUMHARY

Aerodynamic tests were conducted in the 20-Inch Mach 6.0 Tunnel to
determine the effects of wing planform fillet, canard, and fuselage forebody
camber modffications on the aerodynamic characteristics of the 10A/B Space
Shuttle Orbiter Configuration.

The significant effect of the wing flllet and the canard modifications was
to reduce the static longftudinal stability. No significant lateral-directional
aerodynamic effects were produced by the modifications investigated,

All the modifcations moved the trimmed center-of-gravity location forward
relative to the baselire confiquratton. The largest forward movement was the

Increment attributed to Lhe addition of the large canard which amounted to

almost 3 percent of the length,




INTRODUCT ION

Limitations of the longitudinal center-of -gravity range of the Space

Shuttle Orbiters for trimmed flight during entry, approach, and landing impose

undesirable constralnts on the allowable mass distributions for Shuttle return

\ payloads. Therefore, studies were undertaken at the Langley Research Center to

develop simple modiflcations which would produce the changes fin configuration

aerodynamics required to extend the orbiter center-of -gravity envelope. Modiff-

catlons which were studied included changes in fuselage nose shape and wing
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fillet planform and the addition of fixed canard surfaces. Systems design
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analyses were undertaken to determine the weight penalties (ref, 1, and

zerodynamic heating tests and analyses provided information on the impact of the

modifications on thermal protection system requirements (ref, 2). Wind-tunnel

force and moment tests were conducted across the speed range (refs. 3-7) to
assess the effectiveness of the modifications in extending the center-of-gravity
envelope and the influence of the modifications on flight characteristics.

The purpose of this paper s to present the effects of fuselage forebody,
wing planform fillet, and canard modifications on the aerodynamic
characteristics of the 140A/B orblter conflguration at a Mach number of .0,

The wind-tunnel investigation was made in the Langley 20-Inch Mach 6.0 Tunnel at

a Wi number of 5,97 and a Reynolds number of about 6.02 x 106, based on the

fuselage reference length,

The angles of attack of the investigation varied
from about 15° to 35* at 0°* ang -5° sideslip angles.
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. SYMBOLS

The aerodynamic data are presented about thz body system of axes with only

the 1lift-drag ratios presented ahout the stabflity axis, All the aerodynamic

dafa contained herein were nondimensionalized using the basellne model values
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for wing reference area, span, and mean aerodynamic chord. The moment reference
polnt is located at 65 percent of the fuselage reference length (i.e. 21.38 cm
(8,42 1in,) aft of the model nose)). Values are given in both SI and US
Customary Units. When two symbols are listed for an aerodynamic coefficient,

the second symbol applies to the computerized tabulation of coefficlents in the
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appendix.
! A aspect ratio
; b wing span, 23.79 cm (9.37 in.)
.
E c mean aerodynamic chord, 12.06 cm (4.75 in.)
CA' CA axial-force coefficient, %fi%l_ﬁﬂ!&i ;
!
Drag force ‘
CD' cD drag coefficient a:—g——-- ;
¢, L 1ift coefficient, -kt force
} A
E C , CBL rolling-moment coefficlent, 2°1é1“g moment ‘
il 1
, |
E ¢ Bn fE& y per degree _ i
L} A B B - 00’ 50 ;
: c , CLM pitching-moment coefficient, Pitching moment
m qQ 5 T
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cL
lift-drag ratio, o
D

fuselage reference length, 32.77 cm (12.90 in.)
Mach number
stagnation pressure, Pa

free-stream dynamic pressure, Newtons per meter? (lblftz)
free-stream Rey.iolds number hbased on %

wing reference area, 0.025 m? (0,269 ft?)

stagnation temperature, °R
model stations, cm (in)

angle of attack, deg
sideslip angle, deg

h~dy-flap deflection angle (positive for trailing edge down), deg
elevon deflection angle (positive for tralling edge down), deg

split-rudder flare angle {positive for tralling edges deflected
outboard), deq




Model Conflquration Components:

BIWVSOEF haseline 140 A/B orblter configuration !

81 baseline fuselage forebody . |
82 negative cambered fuselage forebody

C3 small canard with flat-plate airfoil sections

(.‘,+ large canard with flat-plate airfoll sections

05 large blended canard

E haseline elevon

F baseline body flap

S50 baseline planform fillet

52 fillet modification having planform geometry similar to a strake i
v baseline vertical tail .
W baseline wing (outboard panel) having a leading-edge sweep of 45° [
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APPARATUS AND TESTS
Model

Geometric details of the model used fn the wind-tunnel Investigation are
shown In figure 1 and table 1, and photographs of the model are shown in figure
2. The baseline configuration (fig. 1(a)) was an 0.0%-scale model of the
Rockwell International M0A‘R Space Shuttle Orbiter configuration described in
reference 3. The model had a removable fuselage forebody and removable compo-
nents in the wing planform fillet region which allowed geometry modifications.
The modifications shown in figures 1(b) through 1e) were used in the present
Investigation and consisted of a negative cambered fuselage forebody, By; a
wing planform fillet modiffcation $p; and three canard configuratlons: C3y
Cys and Cg. All configurations in the present investigation incorporated a
split-rudder flare angle of 55°,

The negative cambered forebody, By, (fig. 1(b)) had the same longitudinal
distribution of cross sections as the baseline forebody, 81. However, the
vertical arrangement of the cross sections produced a negative cambered effect
(turned up nose) for fuselage forebody Bo.

The planform flllet modificatfon, Sp (fig. 1(c)), had the fillet leading
edges arranged in a strak.-like planform. The forward portion of the S
flllet was swept back 67.4°, whereas the aft portion exhibited a leading-edge
sweep angle of 85°. The outhoard intersection of the modified fillet with the
main wing panel occurred at the same longitudinal and transverse stations as the
baseline planform fillet Sy. The streamwise sections of the modiftied fillet
were faired with the main wing panel and had leading-edge radii indentical to
those of the baseline fillet,

Ak Sl - alt e ma. o

-l




Canards C3 and Cy {fig. Wd)) had flat-plate sectlons with rounded
leading edges and sharp trailing edges. The leading-edge sweep angles for
canards C3 and C, were 55.0° and 54.7°, respectively. The planform iralling
edge of canards Cy and C, was formed by circular arc segments having radii
of 5.245 and 6.217 cm, respectively.

Canard Cg (fig. 1(e)) was "blended" with the lower surface of planform
fillet Sg. Cs had a leading-edge sweep angle of 58.15° and a lower surface

dihedral angle of 9.6°.

WIND TUNNEL
The investigation was conducted in the Langley 20-Inch Mach o Tunnel which
is of the blowdown type, exhausting into the atmosphere. Operatlonal
stagnational pressure range for the facllity is from about 7 to 37 atmospheres
at stagnation temperatures up to 1000° R. A more complete description of the
tunnel may be found In reference 8. Average test conditions for the

investigation were:

M=5.97

Pt = 2187k Pa
o

Tt = 861 R

R, = 6.02 X 108

Aerodynamic forces and moments acting on the model were measured using a
six-component strain-gage balance. The wind-tunnel tests were run at an average

Mach number of 5.97 at angles of attack from about 15° to 35° at 0° and -5°

sideslip angles.




l RESULTS AND DISCUSSION

' The aerodynamic data of the present study are tabulated in the appendix. A

Data Set/Run Number Collation Summary (Table II) is included to expedite
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location of the data for a particular confliguration.

Longitudinal Aerodynamic Characteristics

.
]
:
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The longitudinal aerodynamic characteristics for the baseline orbiter
configuration, BWVS,EF, are shown in figure 3 for an elevon deflection
angle range from -40° to 10° and at hody-flap deflections of -11.7° and 16.3°.
Effects of the various configuration modifications investigated are presented in

figure 4 as follows:

Effect of modification Figure
Bp ‘ Ha)
S 4(h)
stz 4(c)
F Cy 4(d)
L‘ BeC3 4(e)
Cqy 4(f)
Cs 4(g)
i‘ . Effect of Fuselage Forebody Camber - Replacing the baseline fuselage forebody,

B, with a negatlvely cambered forebody, By (fig. 4(a)), produced a small

a positive fncrement in pitching moment along with an increase in the slope of
axlal-force coefficient versus angle of attack. The longitudial trim increment
produced by the negative forebody camber was noted for both of the two control

deflection conditions tested.
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iffect of Planform Fillet Reshaping - Replaclng the So baseline planform

fillet with the Sp fillet (fig. 4(b)) provided significant destabilizing
increments In pltching-moment coeffliclients which were accompanled by increases
In Cy and Cy (again a Cp, increase). The destabilizing pitching-moment
increments found for the combined Sy fillet/B, forebody modification

(fig. 4(c)) were somewhat larger than the lncrements noted for the S$p planform
fillet modification alone,

Effects of Canards - Addition of the three canards C3, C4, and Cg

(figs. 4(d)-4(g)) provided significant positive pitching-moment increments over
the test angle-of-attack range. Addition of the cambered forebody, B2, in
comhination with the C3 canard modification produced an additional pitch
increment. The magnitudes of the canard-produced pitching-moment Increments
were proportional to the planform areas of the canards. The canard additions
also produced positive increments in normal force and the variation of axial
force with increasing angle of attack. The incremental effects of the canards
were similar to those noted for the S planform fillet modification.

Effects of Modifications on Forward c.g. Trim Capability - The effects of the

modifications to the 1%0 A/B orbiter configuration in terms of center of gravity
(c.g.) forward movement are summarized in table III, The trimmable longitudinal
¢.q. locations shown were determined for a nominal angle of attack of 24.1°
which 1s representative of the entry flight attitude of the orbiter at Mach

6.0, In order to determine conservative forward c.g. limits with the controls
set at maximum nose-up-trim conditons (§g=-40°,6pr=-11.7"), a +4° increment

was applied to the nominal angle of attack and a ACm margin of -0.015 was used.
Similar analyses of the aft c.g. trim limits were made for §,=10° and

Spp=16.3. Since §,=10° is not the maximum positive deflection angle of the

elevons, no Cy, margin was requried.
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Fach modLfication to the 10 A/B configuration shifted the trimmed c.q,
tocatlons forwsed.  The large canard modlfication, Cqyy provided the largest
¢.q. shift (2,96 percent of body length), The effect of cambering the fuselage
forebody was to increase the trimmable forward c.g. positlion by about 0,43
percent of body length, All the remaining modifications (52, C3, and Cs)

provided forward c.q. increments of between 2,23 and 2.36 percent of the hody

length.

l.ateral-Directional Aerodynamic Characteristics
The lateral-directional acrodynamic characteristics for the baseline 140
A/B fs shown in figure 5(a) with figures S(b)-5(h) showing similar data for the
modified configuratfons. No significant lateral directional effects were

produced by any of the configuration modificatlions investigated in this study.

SUMMARY OF RESULTS
Tests were conducted in the Langley 20-Inch Mach 6.0 Tunnel to determine
the effects of wing planform fillet, canard, and fuselage forebody camber
modifications on the acrodynamic characteristics of the W10 A/ Space Shuttle

Orhliter conflguration. The results are summarized as follows:

1. The significant effect of the wing fillet modification, 53, and the
canards C3, C4y and Cy was to destabilize pitching moments. These
same modifications produced no significant effects on the lateral-
directional aerodynamic characteristics.

2. The most forward center-of-gravity locations for the modified
configurations were ahead of those for the baseline 140 A/B confliguration.
The 13rgest forward c.g. movement was the increment attributed to the
addition of the large canard, Cy4, which was almost 3 percent of the body

Length.
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TABLE I, - MODEL GEOMETRY

Theoretical wing:

Area, planform, m° (ft%) . . . . ... ... ... ... 0.02499 (0.2690)
Area, elevon, o (fta) e e e s e e e s e e e s 0931951 (,0210)

Span, em (INny) v o 0 0 b e e e e e e e e e e s 23.792 (9.367)
Chord, centerline root, m (In.) « v v v & o « o o o o o 17.507 (6.6892)
Chord, tipy, ©m (5Nn.) & 4 & 4 4 4 4 v 4 b s o o 0 o o o o 3,501 (1.378)
TAper Patlc v ¢ v v v ot b e et e e e e e s e e e e e 0.20

Aspect ratlo . L] * [ L] [ L ] » L] L] L [ ] - L ] [ ] L [ ] L] [ ] L] L L] - [ ] [ ] [ ] #* 2 .265

é:i Leading-edge sweep angle, €0 . v & v ¢ 4 v 4 4 b 0 b e e e .. 4% 0
gii Tralling-edge sweep angle, deg o v v v v v v 4 4 o ¢ o o o v v u . - .0
- -
;;; DMhedral anqle, deq . v v v v v v 4 o i e e e e e e 3,5 E
= Incldence angle, deg (y0o = 5.056 €M) + & v + 4 o o « « o o v o + » 0.5
ff Twist angle, deg o v v v v v v vt e e e e e s e e e e e e 3.0 -
;; Alrfoll sectlon, tip . + v v v v v v s v v v v b s 0. . 0012-64 modifica |
Xor *ing leading edge, plane of symmetry . . . .. .. . 21.234 (8,369)
Wing planform flllet Sy baseline:
Leading-edge sweep angle, deg .« + « v v 4 4 b e e e e e e s 4 e 80.9 ,
X, Wing leading-edge (theoretical) intersectlon cm (in.). 25.984 (10.230) 5
Wing planform fillet §,
Leading-~edqe swesp angle (forward portlon), deg o v v v v e 67.4
Leading-edge sweep angle (aft portlon), deg . « 4 v o + o o o« o o 85.0
é X! intersection of forward and aft fillet leading edges,
- L T e 12.929 (5.090)
%; X! Intersection of aft fillet and theoretical wing,

Qm (Inl) LI . I ] LI B T R T O T T R T S T T S 250984 (10. 130)

1"
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TABLF. I. ~ CONCLUDED

Canard C33
_ 2 2
Fxposed area, m~ (ft°) , . . . . . ..
Leading-edge sweep angle, deg . . . .
Canard Cy:
2 2
Exposed area, m (ft°) . . . . . . . .
Leading-edge sweep angle, degq . . . .

Blended canard Cq:

Exposed area, M o(Ft2) oo

Leading-edge sweep angle, deg . . . .
Vertical tail:

Area (theoretlical), m (ft2) . . ...

Leading-edge sweep angle, dey, . . . .

Root chord (theoretical), cm (in.) . .

Tip chord (theoretical}, cm {(ir.)

Span, cam {in.) . . . . . . .. . ..
Fuselage:

Maximum cross-sectional area, me (ftz)

Length, em (in.) . » . « + + &+ + « . . .

Maximum width, cm (in.) . ., . . . . .

0.001241 (0.013363)
54,7

0.002544 (0,027388)

54.7

0.001972 (0.02122)
56.15

0.003839 (0.041325)
45.0

6.820 (2.685)

2,755 (1.085)

8.019 (3.157)

0,003595 (.0387)
32.774 (12.903)
6.797 (2.676)




TABLE III., - LONGITUDINAL TRIM

LIMITS FOR CONFIGURATIONS INVESTIGATED

Most forward c.g., 2 | Most aft c.g., %C | Forward c.g.
Configuration (ACm = -.015) (ACm = Q) increment, % 2
Baseline (B; WSoEF) 63.86 68,55 -
B, WWSOEF 63.43 68.20 0.43
By WVS, EF 61.61 66,29 2,25
B, WVS, EF 61.23 65.53 2,63
B, WVSoC; EF 61.63 66.40 2.23
B, WSo0C, FF 61.49 65,96 2.37
B, WSoC,EF 60,90 65.62 2,96
B, WVSoCg EF 61.50 66. 1 2.36
@nom = 24.1° ¢ &°
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)

Xg « 13.480 cm (5,307 in)
Xo = 17,775 cm (6,998 in)

-1 55, ¢°

5,654 cm (2,226 in)

Xo = 5.969 cm (2350 in)

Canard C3 {Configuration B)WVSqCqER

Xp * 13.470 cm (5,303 in)

— A A
54.7"L AN

Section AA (Typical)

AR UL LR

6. 406 ¢m (2,522 in)
Xo * 5,969 ¢m (2,350 in) X

Xo * 18.771 ¢cm (7,390 in)

Canard Cy (Configuration BIWVSOC4EH

) Canards 03 and C4

Figure 1. - Continued,
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Flgure 3, - Longitudinal aerodynamic characteristics for the
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Figure 4, - Continued.
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APPENDIX

Tabulated Data
The data presented herein are identified in table II (Data Set/Run Number
Collation Summary) by configuration and run number. These data are also stored
on tape in the Space Shuttle Data Management System (DATAMAN) and are identified
by Shuttle test number LA-52 and data set identifier letter PH. Access to the

data may he obtained by writing to the following address:

Chrysler Corporation, Space Division
Dept. 2910, P.0. Box 29200

New Orleans, LA 70189
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